Abstract Dopamine (DA) possesses potent neuromodulatory properties in the central nervous system. In the anterior cingulate cortex, -amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors (AMPAR) are key ion channels in mediating nerve injury induced long-term potentiation (LTP) and chronic pain phenotype. In the present study, we reported the effects of DA on glutamate mediated excitatory post-synaptic currents (EPSCs) in pyramidal neurons of layer II/III of the ACC in adult mice. Bath application of DA (50 mM) caused a significant, rapid and reversible inhibition of evoked EPSCs (eEPSC). This inhibitory effect is dose-related and was absent in lower concentration of DA (5 mM). Furthermore, selective postsynaptic application of GDP-b-S (1.6 mM) in the internal solution completely abolished the inhibitory effects of DA (50 mM). We also investigated modulation of spontaneous EPSCs (sEPSCs) and TTX sensitive, miniature EPSCs (mEPSCs) by DA. Our results indicated mixed effects of potentiation and inhibition of frequency and amplitude for sEPSCs and mEPSCs. Furthermore, high doses of SCH23390 (100 mM) and sulpiride (100 mM) revealed that, inhibition of eEPSCs is mediated by postsynaptic D2-receptors (D2R). Our finding posits a pre-and postsynaptic mode of pyramidal neuron EPSC modulation in mice ACC by DA.
Introduction
Dopamine (DA) as a catecholamine is best known as the ''reward'' neurotransmitter in the general terms. 1 However, DA is extremely potent and imperative in modulating many aspects of the central nervous system. Its absence can manifest as Parkinsonism 2, 3 and excessive and peculiar receptor signaling is observed in Schizophrenia. 4, 5 DA modulates synaptic transmission through interaction with five G protein-coupled receptor subtypes (GPCRs; D1-D5), divided in to two classes of D1-(D1-D5) and D2-like (D2-D3-D4) receptors (DAR). 6 Previously, in vitro application of DA at a high dose has been shown to have presynaptic inhibitory effect on mediated excitatory postsynaptic currents (EPSCs) in rat brain slices (Table 1) . Thus far, physiological profiling of DA's activity has been well characterized in the prefrontal cortex (PFC), a critical area for cognition and working memory. 7 The anterior cingulate cortex (ACC) is a subregion of the cingulate cortex, selective for integrating the sensation of pain. [8] [9] [10] Human imaging studies have revealed that ACC neurons are activated by noxious stimuli 11, 12 and elevated activity of the region in individuals with anxiety disorders. 13 Furthermore, central plasticity in the ACC is affective in manifesting chronic pain. 9 In rodents, peripheral nerve injury and visceral pain induces both presynaptic enchantment of glutamate release and postsynaptic up-regulation of a-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptors (AMPAR's; -amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor) in the ACC. [14] [15] [16] [17] This enhanced glutamate mediate synaptic transmission in the ACC is the proposed mechanism behind chronic pain and anxiety. 10, 18 The presence of dopaminergic fibers in the ACC has been documented, 19 and the presence of DA's receptor proteins 20 and mRNA 21 provides the basis for DA to have neuromodulatory effects on synaptic transmission of neurons in the ACC. Indeed, Wang et al. 22 (neuron) have shown that DA signaling through D1R protein kinase A (PKA) signaling is necessary for surface expression of AMPA glutamate receptor subtype 1 (GluR1) and associated plasticity in a subregion of the cingulate cortex. 22 Given the necessity of synaptic transmission and excitatory-mediated activity of the ACC in sensation of pain and pathological neuropathic pain, and strong indications for dopaminergic abnormalities in chronic pain, 23, 24 we asked the question of how DA modulates AMPA/kainite receptors (KAR)-mediated EPSCs in pyramidal neurons of the ACC.
In the present study, we used electrophysiological approach to investigate the effects of DA for the first time on pyramidal neurons of layers II/III in mice ACC. Our results established an inhibitory role for DA on AMPA/KA evoked EPSCs (eEPSCs) in pyramidal neurons of the superficial layers. This inhibition was observed as a reduction in the amplitude of currents that were evoked by stimulation of neurons in layer V/IV. To address the locus of action for this inhibition, we used pharmacological tools, paired pulse facilitation (PPF) protocol, and analysis of spontaneous EPSC (sEPSC) or miniature EPSC (mEPSC) frequency and amplitude. We conclude DA to module both presynaptic and postsynaptic properties, and the inhibition of eEPSCs is mediated by postsynaptic D2Rs.
Materials and methods Animals
Adult (six to eight weeks) male C57/Bl6 mice were used for in vitro electrophysiological experiments. All mice were kept in cages holding maximum of four mice. Handling and housing were done in accordance with the University of Toronto DCM standards. Each cage contained a red plastic house with chew toy and material for nest formation as two enrichment items. Animals were subjected to 12 h on and off light cycle.
Slice preparation
Mice were anesthetized with 5% isoflurane and sacrificed by decapitation. The brains were quickly removed and PO 4 , and 10 mM glucose). For making of coronal brain slices (300 mm), the brains were glued to the cutting stage of the tissue slicer (Leica VT1200S) and slices were made while the brains were submerged in cold oxygenated ACSF. Prior to recording, coronal slices were submerged in a recovery chamber filled with oxygenated ACSF at room temperature (25 C) for at least 1 h.
Whole-cell patch-clamp recording
Whole-cell recordings were done on a recording chamber placed on an Olympus BX51WI microscope. We measured glutamate-mediated AMPAR/KA eEPSCs from layer II/ III pyramidal neurons of the ACC, using Axon 200B amplifier (Axon Instruments, CA). For eEPSCs, neurons were voltage clamped at -60 mV and stimulations were performed on layer V/IV using tungsten bipolar stimulating electrodes (Microprobes). The recording electrodes (4-6 M) were filled with internal solution containing 145 mM K-gluconate, 5 mM NaCl, 1 mM MgCl 2 , 0.2 mM EGTA, 10 mM HEPES, 2 mM Mg-ATP, and 0.1 mM Na 3 -GTP (adjusted to pH 7.2 with KOH). For PPF protocol, we applied dual stimulation, 50 ms apart, following previous literature. 17 Stable baseline recordings were obtained for 5 min and DA at different concentrations were perfused to the recording chamber for 10 min and subsequently washed out for 15 min while eEPSCs were recorded (total of 30 min of recording). Recordings of sEPSCs were performed in voltage clamp mode (-60 mV). For mEPSCs, we included tetrodotoxin (TTX; 1 mM) during the entire duration of the experiments. For the spontaneous currents, we obtained baseline recordings of 5 min and added DA (50 mM) and recorded sEPSCs and mEPSCs currents for a total of 25 min. For exclusive postsynaptic GPCR inhibition, guanosine 5 0 -[beta-thio] diphosphate (GDP-b-S; 1.6 mM) was added to the recording pipette filled with internal solution. For investigating the role of D1 and D2 receptors, we repeated the evoked experiments with the addition of sulpiride and (R)-(+)-7-Chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH23390) as specific and potent D2 and D1R antagonists. All of the recordings were done in presence of picrotoxin (PTX; 100 mM) to block g-aminobutyric acid type A (GABA A ) receptormediated inhibitory synaptic currents.
Pharmacological agents
The drugs used in the experiments include Dopamine hydrochloride, (AE) Sulpiride, R (þ)-SCH-23390 hydrochloride, GDP-b-S, tetrodotoxin (with citrate acid), and PTX. All drugs, except tetrodotoxin (Cedarlane), were purchased from Sigma Aldrich, CA.
Data and statistical analysis
Data were collected and analyzed by pClamp 9.2 software (Axon Instruments). Access resistance was monitored throughout the experiment, and data were discarded if access resistance changed >15% during the experiment. For experiments that pertained a washout phase after drug application, one-way analysis of variance (ANOVA) was used to compare the EPSCs during course of drug action versus the baseline and the washout phase. T-test was used for comparison of drug effect and baseline. *P < 0.05 was considered statistically significant.
Results

DA inhibition of AMPA/KAR eEPSCs
For our experiments, we performed whole-cell patchclamp recordings of pyramidal neurons in layer II/III of mice ACC and stimulated layer V/IV ( Figure 1(a) ; image courtesy of Allen Mouse Brain Atlas, version 1 (2008), coronal level 43). 25 We characterized pyramidal neurons based on their pyramidal shape and action potential (AP) firing that is characteristic of ACC pyramids with firing frequency adaptation and slow hyperpolarization ( Figure 1(b) ).
26 DA (50 mM) was applied for 10 min after obtaining 5 min of baseline recording, followed by 15 min of washing out DA (50 mM) with fresh ACSF (Figure 1(c) ). Based on our protocol, the eEPSCs recorded are CNQX (6-cyano-7-nitroquinoxaline-2, 3-Dione) sensitive; hence, these depolarizing eEPSCs depicted as inward currents are primarily mediated by AMPA/KARs. 27 Perfusion of DA (50 mM) rapidly inhibited the eEPSCs amplitude (74.5% AE 3.28% of baseline; Figure 1 (d)) and washout with fresh ACSF restored the current amplitude similar to the baseline levels (99.3% AE 5.5% of baseline; Figure 1(d) ). This inhibition was statistically significant in comparison to the baseline and washout phase (DA 50 mM: 74.5% AE 3.28%, baseline: 100.88 AE 2.69%, washout: 99.3 AE 5.53. DA vs. baseline, P < 0.001; DA vs. washout, P < 0.001, One-way ANOVA, n ¼ 11/8 mice; Figure 1 (e)). Furthermore, application of DA at a lower concentration (5 mM) did not inhibit eEPSC amplitudes (100.6% AE 4.2% of baseline, P ¼ 0.654, t-test, n ¼ 5/4 mice; Figure 1 (f) and (g)). Our results indicate that simultaneous net activation of D1-and D-2-like receptors by high concentration of DA produces inhibition of AMPAR/KA-mediated eEPSCs in mice ACC brain slices. This high-dose inhibition is consistent with the previous reports from other regions of rat brain slices (Table 1) .
DA postsynaptic mode of action
Thus far, the modulatory effects of DA have been accounted mostly by presynaptic mechanisms. In order to understand the locus of action for the observed inhibition, we analyzed paired-pulse ratio (PPR) during the frame of DA inhibition (11-16 min post application). PPF is a form of short-term facilitation that is indicative of presynaptic function and glutamate release. Upon dual stimulation, the second pulse would normally have higher amplitude than the first due to residual Ca2 þ from the first pulse (Figure 2(a) ). A decrease in PPR is a characteristic of a presynaptic specific form of mood related long-term potentiation (LTP) observed in the ACC. 17 In our experiments, application of DA (50 mM) produced negligible (109.7% AE 5.46% of baseline; Figure 2 (b)) and insignificant changes (P ¼ 0.158, t-test, n ¼ 11/8 mice; Figure 2 (c)) in the PPR. Given that DARs are classified as GPCRs, we were interested to see the effects of exclusive postsynaptic G-protein inhibition on the inhibitory effects of DA. Hence, we applied GDPb-S (1.6 mM), a broad inhibitor of GPCRs 29 in the recording pipette, and tested the inhibitory modulation of eEPSCs by DA (Figure 2(d) ). DA (50 mM) in the presence of GDP-b-S (1.6 mM) at the postsynaptic site had insignificant effects on eEPSCs (98.5% AE 3.762% of baseline; Figure 2 (e), P ¼ 0.631, t-test, n ¼ 6/5 animals; Figure 2(f) ). Together, the absence of a significant change in the PPR during DA course of action and the near blockage of DA-induced inhibition indicate that postsynaptic DAR activation is sufficient for inhibiting eEPSCs.
DA modulates sEPSC amplitude and frequency
Under basal conditions, presynaptic neurotransmitter containing vesicles are randomly docked and fused to produce spontaneous currents EPSCs (sEPSCs & mEPSCs). Currently, the exact functional role of these spontaneously transmitted currents remains elusive.
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Here, we recorded such sEPSC currents and analyzed the frequency and amplitude before and during the course of DA action. The recorded neurons had average amplitude of 10.45 AE 0.39 pA at baseline and 9.23 AE 0.1 pA after DA application (Figure 3(a)-1) . Analysis at the individual neuron level revealed that DA signaling inhibited the sEPSC amplitude of 3/7 neurons and had negligible effect on the remaining 4/7 neurons (Figure 3(a)-2) . Furthermore, the neurons had a baseline frequency of 1.91 AE 0.44 Hz and 1.26 AE 0.17 Hz after DA application (Figure 3(b)-1) . At the individual level, DA inhibited the frequency of 4/7 neurons, increased the frequency of 2/7 neurons, and 1/7 neurons had negligible changes (Figure 3(b)-2) . Figure 3 (c)-1 is an example trace of a neuron with decreased amplitude (19% decrease from baseline) and frequency (55% decrease from baseline), that is accompanied by a left shift in the amplitude cumulative fraction (Figure 3(d)-1) . In addition, Figure 3 (c)-2 is a sample trace of a neuron with increased frequency (36% from baseline) upon DA signaling and negligible changes in the amplitude (8.5% decrease from baseline); the amplitude cumulative fraction of this neuron did not show a shift from baseline ( Figure 3(d)-2) . The averaged data show a decrease in both the frequency and amplitude of sEPSCs from DA application. However, only the inhibition of amplitude was statistically significant (Amplitude: 89 AE 3.03 from baseline, P ¼ 0.010; frequency: 80% AE 12.7%, P ¼ 0.186, n ¼ 7/4 mice, t-test, Figure 3(e) ). Therefore, we conclude mixed effect by DA on both the amplitude and frequency of these spontaneously firing currents.
DA can modulate both frequency and amplitude of TTX sensitive mEPSCs
In this part of our investigation, we examined the TTX sensitive component of sPESCs. The previous sEPSCs that we analyzed have spontaneous AP component from peripheral neurons, 32 hence we recorded spontaneous currents in the presence of TTX (1 mM) to block any AP firing. In the absence of potential spontaneous APs, the mEPSCs observed are exclusively from the presynaptic terminal forming synapses with the neuron that is being recorded. This allows for an additional way to examine presynaptic changes, 33 in addition to PPR analysis. The mEPSCs had average amplitude of 9.75 AE 0.75 pA at baseline and 9.38 AE 0.70 pA upon DA course of action (Figure 4(a)-1 (Figure 4(d)-1) . Also, Figure 4 (c)-2 is a sample of a neuron with an even greater increase (138.6%) in frequency from the baseline; this neuron did not have a shift in the amplitude cumulative fraction (Figure 4(d)-2) . Statistical analysis revealed no significance changes of mEPSCs amplitudes upon DAR signaling (Amplitude: 96.02% AE 7.22% of baseline, P ¼ 0.738, n ¼ 9/6 mice, t-test; Figure 4 (e)), and despite the clear individual changes in frequency, the summed data did not produce a significant statistical value (Frequency; 96.83% AE 26.8% of baseline, P ¼ 0.842, n ¼ 9/6 mice, t-test; Figure 4 (e)). Based on these results, we cannot decisively conclude a role for DA in modulating mEPSCs in pyramidal neurons of ACC. However, modulation of mEPSC frequency is evident.
SCH 23390 at high concentration potentiate the inhibitory effects of DA
For the next part of the experiments, we investigated the role of D1Rs and D2Rs in the inhibition eEPSC, as all of the DARs are activated in the initial experiments (Figure 1(d) ). D1Rs activate adenylyl cyclase (AC) and PKA by coupling to either Go or Gs, 22, 34 and Wang et al. 35 showed this pathway to be imperative in LTP and the behavioral deficits of fragile X knock out mice. We recorded eEPSCs and applied D1-Like receptor antagonist SCH23390 (30 mM) after 5 min of baseline recording and subsequently applied DA (50 mM) after 10 min of baseline recording ( Figure 5(a) ). Application of DA (50 mM) in the presence of SCH 23390 (30 mM) was able to significantly inhibit the eEPSC amplitude (80.6% AE 2.89% of baseline, P < 0.001, n ¼ 9/7 mice, In comparison to the baseline and washout phase, coapplication of SCH23390 (100 mM) and DA significantly reduced synaptic transmission that was rapidly recovered upon washing out the drugs (one-way ANOVA, ***P < 0.001). (f) Application of DA alone and with both concentrations of SCH23390 significantly lowered the eEPSC amplitudes from their respective baselines (***P < 0.001). In comparison, inhibition by SCH23390 (100 mM) þ DA was significantly greater than inhibition by DA (red bar) and SCH23390 (30 mM) þ DA (***P < 0.001). Errors bars represent SEM. eEPSCs: evoked excitatory postsynaptic currents; DA: Dopamine; ACSF: artificial cerebrospinal fluid.
t-test; Figure 5 (b) and (f)). Given that D1Rs activate AC-PKA pathway that is a strong positive modulator of AMPA/KA activity, we increased the concentration of SCH23390 (100 mM) to double the concentration of DA ( Figure 5(c) ). Application of DA (50 mM) in presence of SCH (100 mM) inhibited the eEPSCs two-folds higher than DA alone and washing out with fresh ACSF returned the eEPSC amplitudes towards the baseline. This strong inhibition of transmission was significant compare to the baseline and washout phase (Baseline: 100.1 þ 2.18 %, DA þ SCH23390 (100 mM): 51.53% AE 0.8% of baseline, washout: 101.26% þ 2.8% of baseline; Figure 5 (d). DA þ SCH23390 (100 mM) vs. baseline, P < 0.001; DA þ SCH23390 (100 mM) vs. washout, P < 0.001, washout vs. baseline, P ¼ 0.118, One-way ANOVA, n ¼ 4/4 mice; Figure 5 (e)). Furthermore, this exacerbated inhibition by addition of SCH23390 (100 mM) is significantly greater than DA and DA þ SCH23390 (30 mM; P < 0.001, t-test; Figure 5 (f)). Together, these observations conclude that SCH23390 as a potent D1 antagonist had dose-related inhibitory effects when combined with DA.
Sulpiride at high dosage blocks the inhibitory effects of DA
To further elucidate the inhibitory modulation by DA, we perfused sulpiride as a selective D2 antagonist, prior to application of DA (50 mM). In the same order of application as before ( Figure 5(a) ), sulpiride (30 mM) was applied after 5 min of baseline recording, followed by application of DA, 5 min after the addition of sulpiride ( Figure 6(a) ). The mixture of sulpiride (30 mM) and DA inhibited eEPSC currents (80.79% AE 3.57% of baseline; Figure 6 (b)). However, increase the dose of sulpiride to 100 mM prevented the inhibition of eEPSCs by DA (99.36% AE 5.29% of baseline; Figure 6 (d)). Similar to the inhibition in presence of low concentration of SCH23390 (30 mM), DA and sulpiride (30 mM) significantly inhibited eEPSC transmission, and DA in presence of 100 mM has no significant influence on baseline transmission (sulpiride (30 mM) þ DA (50 mM), 80.79% AE 3.57% of baseline, P < 0.001, n ¼ 7/5 mice, t-test, sulpiride (100 mM) þ DA, 99.36% AE 5.29% of baseline, P ¼ 0.649, n ¼ 6/4 mice, t-test; Figure 6 (e)).
Here we are able to show that inhibiting the activity of D2Rs by high concentration of sulpiride is sufficient to block the DA-induced inhibition.
Discussion
In the present study, we show that DA can reversibly inhibit excitatory transmission of ACC pyramidal neurons. Given the lack of change in PPR, complete abolishment of this inhibition by selectively blocking postsynaptic GCRPs or D2Rs, we conclude that DA inhibits eEPSCs through postsynaptic D2R signaling. Furthermore, we found that DA was able to inhibit or potentiate sEPSC & mEPSC release probability in the ACC, suggesting that DA may modulate spontaneous release and evoked synaptic transmission through different mechanisms. Our results provide the novel evidence for inhibitory modulation of ACC synaptic transmission, and this inhibitory modulation is in consistent with previously reported inhibitory function of DA in rat PFC 36, 37 and nucleus accumbens (NAc).
38-42
Postsynaptic effects of DA on evoked mediated EPSCs PPR is often used and as a mean of determining presynaptic changes. Previous work has found PPR to have either decreased 40, 43 or increased 41, 44 in response to bath application of DA. In the ACC, we did not observe significant changes in the PPR during DA's inhibitory course of action. In light of this apparent difference from previous studies, blockade of DA-induced inhibition by exclusive postsynaptic GCRPs inactivation validated the inhibition to be mediated by postsynaptic DARs. Although in NAc, presynaptic mode of action is accounted by a PKA independent D1 pathway, 38, 45 our results are consistent with DA postsynaptic mode of action observed in PFC and the cingulate. 22, 46, 47 Application of DA at a low concentration (5 mM) did not influence the eEPSC amplitudes. In the PFC, DA is proven as inhibitory at high concentration (100 mM) 36 and enchanting at a lower concentration (20 mM). 46 Given the approbation of DA dose-dependent effects; lower doses of DA can induce D1-AC-PKAmediated pathway, and higher doses activate the D2 pathway 48 that is inhibitory to the AC-PKA pathway. 47, 49 Strong evidence suggests that D1R-PKA pathway potentiates AMPAR transmission 22, 46, 49 by promoting AMPAR surface expression [50] [51] [52] and conductance through phosphorylation of GluR1 subunit at ser845. 22, 53 Therefore enchantment of AMPA/KA EPSCs observed by Gonzalez-Islas & Hablitz 46 is most likely a dose-dependent observation. In the present study, DA at a concentration of 5 mM did not cause any facilitation, and 50 mM as a high concentration is mediating a D2 response as observed in subsequent DA and DAR antagonist co-application experiments.
DA produces mixed modulation of spontaneous neurotransmission
Based on the averaged data analysis, DA had no significant effect on frequency of mEPSCs and sEPSCs. At the first glance, this lack of change is in line with DA postsynaptic locus of action, albeit previous reports noting DA to decrease mEPSC frequency in NAc 39 and increase it in mPFC. 54 Regardless of statistically insignificant changes, we do observe clear inhibition, or potentiation of frequencies at the individual neuronal level for both sEPSC and mEPSCs. In terms of the amplitude changes, the significant reduction in sEPSC amplitude was due to reduction of amplitudes that were over 10 pA, with no substantial changes in amplitudes with baseline amplitude of < 10 pA. Furthermore, mEPSC amplitudes displayed very marginal changes regardless of the initial value, which is contrary to the postsynaptic mode of inhibition for eEPSCs, as one would expect a reduction in mEPSC amplitude. 33 One possible explanation for this phenomenon is the heterogeneity of presynaptic vesicle pools and their relative postsynaptic channels, 30, 31, 55 and future studies are clearly needed to investigate basic mechanism for these mixed effects. Antagonism of D2-like receptors blocks AMPA/KA-R eEPSCs inhibition by DA
In the present study, we applied D1-and D2-like receptor antagonists along with DA (50 mM) and characterized the inhibition as D2R-mediated. Initially, co-application of neither SCH23990 (30 mM) or sulpiride (30 mM) with DA (50 mM) had any significant influence on inhibitory effects of DA. However, once the dosages of antagonists were increased to 100 mM, we observed a robust inhibition by DA in presence of potent D1 antagonist, SCH23390 that was significantly greater than inhibition by DA alone. Sulpiride at 100 mM blocked the inhibition of eEPSCs by DA. Possible postsynaptic interaction of DA with both D1 and D2 components yields a D2-mediated inhibition of AMPA/KA eEPSCs that is exacerbated by inhibition of the D1 system. This is in accordance with a D2 inhibitory tone by inhibiting AC-PKA pathway 6 and de-phosphorylation of AMPAR GluR1 ser845. 56 Figure 7 is a representative diagram of potential mechanism based on our observations and previous findings. In relation to our work, microinjection of DA itself to the ACC has been shown to prolong the induction and lessen the intensity of chronic pain phenotype, 57 thus providing a possible connection at the physiological level.
